Dynamic regulation of AMPA-type receptors at the synapse is proposed to play a critical role in alterations of the synaptic strength seen in cellular models of learning and memory such as long-term potentiation in the hippocampus. Stargazin, previously identified as an AMPA receptor (AMPAR)-interacting protein, is critical for surface expression and synaptic targeting of AMPARs. Stargazin interacts with postsynaptic density-95/ discs large/zona occludens-1 (PDZ) proteins via a C-terminal PDZ binding motif. Interestingly, the C terminal of stargazin also predicts phosphorylation at a threonine residue critical for PDZ protein binding. Because protein phosphorylation regulates synaptic plasticity, we characterized this site and the effects of stargazin phosphorylation on AMPAR function. In vitro peptide phosphorylation assays and Western blot analysis with phospho-stargazin-specific antibodies indicate that the critical threonine within the stargazin PDZ binding site is phosphorylated by protein kinase A. This phosphorylation disrupts stargazin interaction and clustering with postsynaptic density-95 (PSD-95) in transfected COS-7 cells. Furthermore, a stargazin construct with a Thr-to-Glu mutation that mimics phosphorylation fails to cluster at synaptic spines and downregulates synaptic AMPAR function in cultured hippocampal neurons. These data suggest that phosphorylation of the stargazin PDZ ligand can disrupt stargazin interaction with PSD-95 and thereby regulate synaptic AMPAR function.
Glutamate receptors (GluRs) mediate most excitatory synaptic transmission in the brain. There are two major classes of ionotropic receptors at glutamatergic synapses, NMDA receptors (NMDARs) and AMPA receptors (AMPARs). AMPARs mediate rapid synaptic transmission, whereas activation of calciumpermeable NMDARs induces synaptic plasticity (Madison et al., 1991; Nakanishi, 1992; Bliss and Collingridge, 1993; Seeburg, 1993; Hollmann and Heinemann, 1994) . Both AMPA and NMDARs are highly concentrated at the postsynaptic density (PSD) of excitatory synapses, yet there are remarkable differences in the synaptic anchoring of NMDA and AMPARs. Whereas NMDARs are stable components of the PSD, AMPARs recycle rapidly; changes in the synaptic expression of AMPARs regulate aspects of synaptic plasticity (Song et al., 1998; Luthi et al., 1999; Ehlers, 2000; Liu and Cull-Candy, 2000; Lüscher et al., 2000; Malinow et al., 2000; Man et al., 2000) .
This differential behavior of synaptic AMPA versus NMDAR proteins likely reflects their different anchoring mechanisms at the PSD, because the cytosolic C-terminal tails of AMPA and NMDARs associate with distinct PSD-95/discs large/zona occludens-1 (PDZ) domain-containing synaptic scaffolding proteins (Kornau et al., 1997; Ziff, 1997; Garner et al., 2000) . The C termini of NMDAR NR2 subunits (SIESDV) bind to PDZ domains of the PSD-95/synapse-associated protein-90 family of membrane-associated guanylate kinases (Kornau et al., 1997; Garner et al., 2000) . In contrast, the C-terminal tail of GluR2 (IESVKI) binds to PDZ domains from several proteins, including protein interacting with C kinase 1 (PICK1), glutamate receptor interacting protein (GRIP), and AMPA receptor binding protein (Srivastava et al., 1998; Kim and Huganir, 1999) . AMPAR subunits also interact with stargazin (Chen et al., 2000) , the protein that is mutated in epileptic stargazer mice (Letts et al., 1998) . Stargazin has a cytosolic C-terminal tail containing a PDZ binding site (RRTTPV) that interacts with PSD-95 (Chen et al., 2000) . Stargazin is enriched in cerebellar granule cells, and AMPARs fail to traffic to the plasma membrane or to the synapse in stargazer mutant granule cells. Stargazin-like mechanisms may also regulate AMPARs in the forebrain, because overexpression of a dominant negative stargazin construct reduces synaptic AMPAR function in hippocampal neurons (Chen et al., 2000) . Therefore, these previous studies identif y a necessary role for stargazin in plasma membrane expression of AM PARs. How stargazin regulates cycling of AM PARs remains unclear (Tomita et al., 2001) .
Protein phosphorylation plays a central role in controlling AMPAR expression at the synapse and in regulating synaptic strength (Lüscher et al., 1999; Lee et al., 2000; Malinow et al., 2000; Soderling, 2000) . Interestingly, stargazin and its close homologs all contain a consensus sequence for protein kinase phosphorylation within their PDZ binding site. Therefore, we explored phosphorylation of this site and its possible regulation of AMPAR trafficking. We found that the critical threonine within the stargazin PDZ binding site can be phosphorylated by protein kinase A (PKA). This phosphorylation disrupts stargazin interaction and clustering with PSD-95. Stargazin with a Thr-to-Glu mutation that mimics phosphorylation does not cluster at synapses; this phospho-mimic blocks the synaptic f unction of AM PARs in transfected neurons. These data suggest that phosphorylation of the stargazin PDZ ligand provides a mechanism for disrupting stargazin interaction with PSD-95, thereby regulating synaptic AM PARs.
MATERIALS AND METHODS
Antibodies. The stargazin C -terminal peptide star(313-323) and its phospho-amino acid (Thr321) analog phospho-star(313-323), coupled to the maleimide-activated keyhole limpet hemocyanin, were used for rabbit immunization.
In vitro k inase assays. K inase reactions were done in 50 l of assay buffer containing [final concentration: 25 mM M ES, pH 6.0, 1 mM EDTA, 1 mM EGTA, 1 mM ␤-mercaptoethanol, 0.05% Triton X-100, protease inhibitors (10 g /ml leupeptin and 2 g /ml aprotinin), phosphatase inhibitors (2 mM Na 4 P 2 O 7 and 10 M NaF), 5 mM MgC l 2 , 20 M ATP, and ϳ3000 cpm /pmol [␥-32 P]ATP]. Peptide substrates were added at a final concentration of 500 M. The peptide substrates used included Leu-Arg-Arg-Ala-Ser-Leu-Gly (Kemptide; Sigma, St. L ouis, MO), MetAsp-C ys-Leu-C ys-I le-Val-Thr-Thr-Lys-Lys-T yr-Arg-T yr-Gln-Asp-GluAsp-Thr-Pro (PSD-95 1-20; Research Genetics, Huntsville, AL), and the stargazin C -terminal peptides described above. Reactions were performed at 30°C for 5 min and stopped with 25 l of ice-cold stop solution (225 mM H 3 PO 4 and 1 mM ATP). Aliquots were spotted onto duplicate phosphocellulose paper strips, washed, and counted.
cDNA cloning and mutagenesis. Constructs coding for PSD-95, K v 1.4, and stargazin, as well as their green fluorescent protein (GFP) or hemagglutinin (HA) f usions, have been described previously (Topinka and Bredt, 1998; Craven et al., 1999) . Stargazin(T321E) and stargazin(R318,319A) were generated by PCR using standard methods.
Yeast two-hybrid assays. Directed yeast two-hybrid assays were performed using the Matchmaker kit (Becton Dickinson, San Jose, CA), according to the manufacturer's protocols. Briefly, engineered stargazin constructs described above were transformed into yeast (AH109) with PDZ I-III of PSD-95 under appropriate selection. Interaction was scored as positive when colonies grew on media lacking Leu, Trp, His, and adenine.
Cell transfection and immunofluorescence labeling. C OS-7 cells were grown and transfected using Lipofectamine reagent as described previously (Chen et al., 2000) . Hippocampal cultures were maintained, transfected, and stained as described previously (Craven et al., 1999) .
Electrophysiolog y. Whole-cell patch-clamp recordings were performed on cultured neurons as described previously (Chen et al., 2000) .
RESULTS
The consensus sequence for phosphorylation by PKA is Arg-ArgXxx-Ser/Thr, which is precisely conserved at the C termini of the stargazin family of proteins (Fig. 1 A) . Using in vitro peptide kinase assays (Fig. 1 B) , we found that the stargazin C terminal is phosphorylated by PKA. Phosphorylation of the stargazin peptide occurs specifically on the Thr at position Ϫ2 (T321E); a synthetic peptide phosphorylated at this Thr is not a substrate for PKA ( Fig. 1 B) .
To evaluate possible phosphorylation of this site in intact cells, we generated a phospho-specific antibody to the C terminal of stargazin. We characterized the specificity of this phosphoantibody by dot blot analysis. As shown in Figure 1C , the phospho-specific antibody shows ϳ100-fold greater reactivity with the phosphorylated stargazin C-terminal peptide compared with the nonphosphorylated peptide. To evaluate possible phosphorylation of stargazin in intact cells, we transfected COS-7 cells with stargazin and probed immunoblots with the phosphospecific antibody. We found that the PDZ binding site of stargazin is basally phosphorylated in transfected cells. This basal phosphorylation of stargazin is dramatically enhanced by cotransfecting COS-7 cells with the catalytic subunit of PKA. The phospho-specific antibody reacts only with phosphorylated stargazin, because treating the cell extracts with -phosphatase eliminates the reactive band.
Because the PKA phosphorylation site at the C terminal of stargazin overlaps with the PDZ binding site (Fig. 1 A) , one might predict that this phosphorylation would disrupt binding to PSD-95. To test this, we first generated a phospho-mimic construct in and phospho-stargazin(313-323) were coupled to BSA, spotted on polyvinylidene difluoride membranes, and immunoprobed. Antibodies prepared to phospho-stargazin(313-323) were 100-fold more sensitive for the phosphorylated peptide compared with the nonphosphorylated peptide. D, COS-7 cells were transfected with stargazin-GFP (star-GFP) in the presence or absence of PKA-GFP; cell lysates were prepared and subjected to SDS-PAGE and Western blotting with stargazin and phosphostargazin antibodies. Cotransfection with PKA dramatically increased the phosphorylation of stargazin, an effect that was eliminated by treatment of the lysates with -phosphatase.
which the Thr residue (T321) is mutated to Glu (E). This sort of Thr-to-Glu mutation often simulates the effect of phosphorylation by imparting an appropriate negative charge. To test directly whether this construct binds PSD-95, we performed coimmunoprecipitation assays in transfected COS-7 cells. Although wild-type stargazin interacts strongly with PSD-95, the stargazin(T321E) construct showed no interaction (Fig. 2 A) . Furthermore, in the yeast two-hybrid assay, the stargazin T321E mutation disrupts binding to the PDZ domains of PSD-95 (Fig. 2 B) . To test whether phosphorylation of this site regulates binding in intact cells, we used a clustering assay in heterologous cells. COS-7 cells were first transfected with either stargazin-GFP, stargazin(T321E)-GFP, stargazin(R318,319A)-GFP, or PSD-95. In these single transfections, each protein showed a generally diffuse distribution with some perinuclear accumulation (data not shown). Cotransfection of PSD-95 with stargazin-GFP produced characteristic patchy clusters of both proteins (Fig. 3A-C) , which are on the plasma membrane, as we demonstrated previously (Chen et al., 2000) . In contrast, cotransfection of phospho-mimic stargazin(T321E) with PSD-95 showed diffuse staining of both proteins throughout the cell (Fig. 3D-F ) . To assess the role of PKA directly, we transfected cells with PSD-95, stargazin, and PKA-GFP. In these triple transfections, PKA eliminates the clustering of stargazin by PSD-95 ( Fig. 3G-I ). To control for the effects of PKA, we mutated the pair of Arg residues in the C-terminal tail of stargazin to Ala. This stargazin(R318,319A)-GFP lacks the consensus sequence for PKA phosphorylation but still binds to PSD-95. We found that this construct clusters with PSD-95 (Fig. 3J-L) . Furthermore, whereas PKA diminishes the PSD-95-mediated clustering of stargazin, PKA has no effects on the clustering of stargazin(R318,319A) by PSD-95 (Fig. 3M ) .
Phosphorylation of stargazin at T321 interferes with the PSD-95-mediated clustering of stargazin. In addition, Choi et al. (2002) used a phospho-specific antibody to show that stargazin phosphorylated at T321 is enriched in a soluble, nonsynaptic fraction in the brain. To assess the effect of PKA phosphorylation in the synaptic targeting of stargazin, we transfected hippocampal neurons with GFP-tagged stargazin constructs. Whereas wildtype stargazin clusters at postsynaptic sites in hippocampal neurons (Fig. 4 A-C) , stargazin(T321E) with the phospho-mimic at the PKA site showed diffused staining throughout the neuron (Fig. 4 D-F ). This suggests that phosphorylation of the C-terminal site blocks the synaptic targeting of stargazin. However, the stargazin(R318,319A) construct that lacked the C-terminal PKA phosphorylation site clustered normally in hippocampal neurons (Fig. 4G-I ) , suggesting that the phosphorylation of stargazin at the C terminus is not necessary for stargazin synaptic targeting.
To determine whether phosphorylation of stargazin at the C terminus might play a role in the modulation of AMPAR EPSCs, we transfected cultured hippocampal neurons with the phospho-mimic stargazin(T321E) and evaluated miniature EPSC s (mEPSC s) w ith whole-cell patch clamp recordings. Stargazin(T321E) expression markedly diminished the amplitude of AM PAR mEPSC s compared with neighboring untransfected neurons (Fig. 4 J) [stargazin(T321E), 11.6 Ϯ 2.1 pA, n ϭ 5; untransfected controls, 34.7 Ϯ 4.9 pA, n ϭ 4; p Ͻ 0.002]. In addition, the frequency of mEPSC s was reduced in transfected cells [controls, 11.7 Ϯ 4.0 H z, n ϭ 4; stargazin(T321E), 3.1 Ϯ 1.2 Hz pA, n ϭ 5; p Ͻ 0.05].
We also evaluated the effect of transfection of the stargazin(R318,319A) construct lacking the C -terminal PK A phosphorylation site on AM PAR f unction. This construct had no effect on AM PAR spontaneous EPSC (sEPSC) amplitude in cultured granule cells (Fig. 4 J) [stargazin(R318,319A), 12.9 Ϯ 2.5 pA, n ϭ 5; untransfected controls, 11.6 Ϯ 1.7 pA, n ϭ 9; p Ͼ 0.5]. Furthermore, transfection with this construct had no effect on sEPSC frequency [stargazin(R318,319A), 1.2 Ϯ 0.3 Hz, n ϭ 5; untransfected controls, 2.2 Ϯ 0.6 Hz, n ϭ 9; p Ͼ 0.2].
DISCUSSION
PDZ domains are small modular protein-protein interaction interfaces that have emerged as critical regulators of protein clustering at synapses and other sites of cell-cell contact (Kornau et al., 1997; Ziff, 1997; Craven and Bredt, 1998; Garner et al., 2000; Kennedy, 2000; Sheng and Sala, 2001) . PSD-95 is the major PDZ protein at excitatory synapses in the brain (Kornau et al., 1997; Ziff, 1997; Craven and Bredt, 1998; Garner et al., 2000; Kennedy, 2000; Sheng and Sala, 2001) , and PSD-95 binds directly to the C-terminal tail of NMDARs (Kornau et al., 1997) . However, overexpression of PSD-95 in hippocampal neurons enhances synaptic AMPARs (El-Husseini et al., 2000) . A possible link between PSD-95 and AMPARs is the AMPAR-interacting protein stargazin, a four-pass transmembrane protein that contains a PDZ binding site (Chen et al., 2000) . A consensus sequence for protein phosphorylation overlaps the PDZ binding site; this C-terminal cassette is precisely conserved in a family of stargazin-like proteins (Burgess et al., 1999; Klugbauer et al., 2000) . In this study, we investigated whether phosphorylation of the C-terminal tail of stargazin might regulate its interaction with PSD-95. We found that this site in stargazin is basally phosphorylated in transfected cells and that this phosphorylation is increased by PKA activity. Phosphorylation of the C-terminal PDZ ligand blocks stargazin binding to and clustering with PSD-95.
Disruption of PSD-95 binding by phosphorylation of the star- (C, F, I ). Scale bar, 10 M. In separate experiments, cultured neurons were transfected with stargazin(T321E)-GFP or stargazin(R318,319A)-GFP and synaptic currents were measured by whole-cell patch-clamp recording at a holding potential of Ϫ60 mV. Stargazin(T321E)-GFP transfection downregulates AM PAR mEPSC amplitude ( p Ͻ 0.002) in hippocampal neurons ( J), whereas stargazin(R318,319A)-GFP has no effect ( K).
gazin C terminal can be explained by the crystal structure of the PDZ domain (Doyle et al., 1996) , which shows that Thr in the Ϫ2 peptide position (the residue phosphorylated in stargazin) forms a critical hydrogen bond to a conserved His residue in the PDZ domain. Phosphorylation of this Thr would disrupt the hydrogen bonding and prevent specific binding. In agreement with our results, previous studies have shown that phosphorylation of inwardly rectifying K ϩ channels (Kir2.0) and ␤ 2 -adrenergic receptors at analogous positions in their PDZ binding sites disrupts their binding to type I PDZ domains (Cohen et al., 1996; Cao et al., 1999) .
By disrupting its interaction with PSD-95, phosphorylation of the stargazin PDZ domain regulates its synaptic function. Synaptic targeting of AMPARs by stargazin involves two distinct mechanisms (Chen et al., 2000) . In cerebellar granular cells from stargazer mice, functional AMPARs are absent from both synaptic and extrasynaptic locations. Intact stargazin can rescue both the synaptic and extrasynaptic AMPARs, whereas stargazin lacking the PDZ binding site selectively rescues extrasynaptic but not synaptic receptors. These data implicate the C terminal of stargazin specifically in the synaptic targeting of stargazin and its associated AMPARs. Here we find that stargazin with a mimic of constitutive phosphorylation at the C terminal acts as a dominant negative to suppress synaptic AMPAR function when transfected into wild-type neurons. Paralleling these effects on synaptic AM PARs, we find that the phospho-mimic mutation disrupts synaptic clustering of stargazin in hippocampal neurons. These data suggest that phosphorylation of the PDZ binding ligand of stargazin is a regulator of synaptic levels of AM PARs and synaptic strength.
Recent studies (Song et al., 1998; Luthi et al., 1999; Ehlers, 2000; Liu and Cull-Candy, 2000; Lüscher et al., 2000; Malinow et al., 2000; Man et al., 2000) indicate that changes in the synaptic levels of AMPARs represent a primary mechanism for the rapid modulation of synaptic efficacy, as occurs in some forms of longterm potentiation (LTP) and long-term depression (LTD). Protein phosphorylation cascades play an integral role in this regulation. At hippocampal CA3 to CA1 synapses, LTP requires postsynaptic Ca/calmodulin-dependent protein kinase II (CaMKII) activity, whereas LTD involves the activation of postsynaptic protein phosphatase cascades (Lee et al., 2000; Lüs-cher et al., 2000; Malinow et al., 2000; Soderling, 2000) . However, at cerebellar parallel fiber to Purkinje cell synapses, LTD requires postsynaptic PKC activity . The role for PKA in early phase postsynaptic LTP is less well defined; however, recent studies have shown that LTP at depotentiated hippocampal CA3 to CA1 synapses is specifically reduced by PKA inhibitors (Lee et al., 2000) . In this light, it may be surprising that phosphorylation of the C-terminal site in stargazin reduces synaptic expression of stargazin and disrupts the synaptic targeting of AMPARs. However, as discussed above, protein kinase regulation of AMPAR levels depends critically on the neuronal type and history of the synapse. Future experiments are needed to determine where and when stargazin phosphorylation integrates into the complex regulatory web.
An alternative model to explain the unexpected consequence of stargazin C-terminal phosphorylation is that other phosphorylation sites in the AMPAR synaptic complex play an overriding role in AMPAR functional modulation. Along these lines, AMPAR function can be potentiated by PKA phosphorylation of serine 845 or by CaMKII or PKC phosphorylation of serine 831 on the intracellular C-terminal tail of the GluR1 subunit of the AMPAR (Roche et al., 1996; Lee et al., 2000) . Furthermore, phosphorylation of the C terminal of the GluR2 subunit of the AMPAR by PKC has been implicated in de-depression from LTD (Daw et al., 2000) . Interestingly, GluR2 phosphorylation by PKC modulates its interactions with the PDZ proteins GRIP1 and PICK1, and PKC-stimulated changes in GRIP1 and PICK1 binding have been implicated in the trafficking of synaptic AMPARs . Thus, there are multiple phosphorylation substrates that may have differing importance in AMPAR function, depending on kinases, GluR subunits, and the presence or absence of different AMPAR-binding proteins.
Although in our experiments, the C-terminal stargazin phospho-mimic did not target to synapses, it is possible that under physiological circumstances stargazin is phosphorylated after arrival at the synapse. Consistent with this model, we were unable to demonstrate any effect on the synaptic localization of transfected stargazin after stimulation of cultured neurons for up to 30 min with forskolin (10 M) and 3-isobutyl-1-methylxanthine (1 mM) (data not shown). Given that GluR2 phosphorylation by PKC can alter its PDZ protein binding specificity, it is interesting to speculate that stargazin phosphorylation at the C terminal might decrease PSD-95 binding but retain binding to a different interacting molecule or to a less-selective PDZ protein present at the synapse. We have shown previously that stargazin lacking the C-terminal PDZ binding domain retains interaction with GluR subunits (Chen et al., 2000) . This observation raises the possibility that phosphorylation at the synapse could release the stargazin/AMPAR from a PDZ-bound state to one in which the mobility of the complex is defined by GluR subunit interaction with proteins such as GRIP1 and PICK1. An alternative explanation for the lack of effect of the pharmacological activation of PKA is that the stargazin phosphorylation site is masked when bound to PSD-95 at synapses, or that exogenous activation of PKA may not behave like endogenous activation. Additional experiments are necessary to determine the role that other stargazin binding partners play in stargazin phosphorylation, as well as stargazin synaptic targeting and AMPAR function.
The specific signal transduction cascades that regulate stargazin phosphorylation in neurons remain uncertain. We were unable to detectably alter the phosphorylation of stargazin by treating cultured hippocampal neurons or hippocampal slices with glutamate (data not shown). These results may reflect technical limitations of this approach or may suggest that activation of excitatory synapses is not directly linked to stargazin phosphorylation. While this manuscript was in preparation, a study published results consistent with our present findings and also showed that stargazin phosphorylated at Thr321 occurs in a soluble fraction exclusive of most PSD proteins (Choi et al., 2002) . This observation suggests that synaptic phosphorylation removes stargazin from a PSD-bound state, or alternatively, that cellular rather than synaptic signaling cascades regulate the phosphorylation of stargazin. Finally, the phosphorylation site at the C terminal of stargazin is a consensus for a variety of protein kinases and may be phosphorylated by distinct kinases, depending on the specific cellular and physiological context. Basic amino acids preceding the phosphorylated Thr make this site a candidate for phosphorylation not only by PKA but also by protein kinase G, protein kinase C, and CaMKII. Because proline follows the Thr321, this site may also be phosphorylated by prolinedirected kinases, including MAP kinase and cdk5. Additional work is needed to determine the specific signaling cascades that mediate phosphorylation of the stargazin PDZ binding sites and
